Background. Recent mathematical models suggested that frequent human immunodeficiency virus (HIV) testing with immediate initiation of antiretroviral therapy (ART) to individuals with a positive test result could profoundly curb transmission. The debate about ART as prevention has focused largely on parameter values. We aimed to evaluate structural assumptions regarding linkage to care and population mobility, which have received less attention.
There has been growing enthusiasm about the potential for prevention of human immunodeficiency virus (HIV) transmission through the use of antiretroviral therapy (ART) early in the course of HIV disease [1, 2] . While earlier models examined the prevention benefits of treatment in the United States [3, 4] , a high-profile article by Granich et al explicitly addressed the question of whether yearly testing and immediate access to ART for individuals with diagnosed HIV infection could eliminate HIV transmission in a high-burden setting like South Africa [5] . This model of "ART as prevention," alternatively referred to as "test and treat," generated considerable debate concerning the validity of key model parameters, biologic and programmatic [6] [7] [8] [9] [10] . The structural assumptions of this model have received less scrutiny.
Field trials are now planned to assess whether frequent testing combined with early access to ART can reduce community HIV incidence under real-world conditions [11] . Among the programmatic parameters that have been debated is the estimate of linkage to care-the proportion of individuals who agreed to testing and, if positive for HIV, ART initiation. Many studies have shown high rates of loss to follow-up after HIV testing [12] [13] [14] , such that one-half or fewer of the individuals meeting clinical or CD4 T-cell criteria for ART initiation actually start treatment. Less attention has been placed on the model assumption that individuals failing to link to care remained in the same model compartment to be linked the following year; in effect, the probability of accepting care did not change upon prior failed linkage, such that nearly all individuals would engage with care within a few years. This key assumption merits further examination: when individuals who decline treatment or are lost to follow-up ultimately engage (or re-engage) in care may be a key factor influencing outcomes of strategies of early testing and treatment.
In South Africa, high rates of domestic and international migration have been observed in recent years, fueled by economic and social changes, as well as by political instability in neighboring Zimbabwe [15] . The impact of migration on the effects of ART-as-prevention studies or programs used in discrete communities is not known.
In real-world settings, the movement of individuals in and out of communities and treatment programs may substantially attenuate the gains of ART as prevention. We adapted and modified previously published models of ART as prevention and incorporated data from a well-studied township in Cape Town, South Africa, to assess the impact of linkage to care and migration on model projections.
METHODS

Overview
To simulate HIV infection and disease, we first provide the structure of a simple natural history and treatment model adapted from previous models of HIV [5] and offer details of how we modified it to include a phase of acute infection wherein transmission probability is greater. We then describe further structural adjustments to the model that were made to examine the impact of linkage to care and migration on the resulting dynamics. We report comparisons of the results of these models in terms of long-term HIV incidence, prevalence, and ART coverage in the community. We explain the model's equations in detail in the Supplementary Materials. Here, we present an overview of the model structure and assumptions.
Model 1 Structure
In the base model (model 1; Figure 1A) , individuals enter the model at the age of 15 years and are susceptible to HIV infection. Susceptible individuals (S) are infected through contact with infected individuals. Following infection, individuals enter an acute stage (A), wherein they are more infectious. In principle, they could have their disease diagnosed at this stage and initiate ART. In practice, diagnosis of acute HIV infection in resource-poor settings is likely rare.
Following recovery from acute infection, individuals enter a series of stages of chronic infection (I), progressing through them toward HIV-related death. We modeled 4 stages of chronic HIV infection, and the duration spent in each stage is one-quarter of the life expectancy for individuals with untreated HIV infection. Consistent with the Granich model and in contrast to World Health Organization stages or CD4 T-cell counts, the chronic disease stages are defined to model a specified mean life expectancy for individuals with untreated HIV disease [5] . As a result, progression through stages is only forward. From any stage of untreated HIV infection, individuals can be tested at annual rate τ and initiate ART (T). During ART, individuals progress more slowly toward HIV-related death, and their infectiousness is lower. Default from treatment returns individuals to an untreated state (I). We have incorporated background mortality data, such that individuals can die from HIV-unrelated causes in any compartment.
Revised Models: Models 2 and 3
In model 1, individuals who are not linked to treatment (ie, those who decline HIV testing or treatment or are lost to follow-up before ART initiation) remain in the untreated population (I) but effectively have an equal probability of agreeing to testing and/or treatment in the following year (or testing interval). Because the probability of linkage to care (ie, accepting both testing and treatment) is likely to be conditionally dependent with respect to prior response-that is, people who have not linked before are not as likely to link in subsequent attempts-we created a modified model (model 2; Figure 1B) . In model 2, individuals who decline testing or are lost to follow-up before starting ART move to an "unlinked" compartment (U). These individuals progress through HIV disease at the same rate as untested individuals, but they do not link back to care until the final stage of HIV infection, when they present with symptomatic disease. Similarly, individuals who default from treatment move to the unlinked compartments and relink to care in the final stage of HIV infection. In the final stage of HIV infection, linkage among those who defaulted from treatment or who did not link after initial testing was assumed to be 100% (we relaxed this assumption in sensitivity analysis; Supplementary Materials).
In model 3 ( Figure 1C ), we added immigration into and emigration from the population, building on the linkage structure from model 2. Because we assumed that individuals were not immigrating from other areas where ART-as-prevention trials were taking place, immigration into ART compartments at the early stage of HIV infection was not permitted. Individuals could immigrate into all other compartments and could emigrate from any compartment in the model.
Study Population and Input Parameters
Masiphumelele is a well-defined peri-urban township, 40 km south of Cape Town. The adult population in 2010 was 12 809 (Supplementary Materials). Since 2002, complete censuses have been performed every other year in this township, yielding detailed data on demographic characteristics, population growth, and rates of immigration and emigration. A recent cross-sectional survey in this community provided HIV prevalence, CD4 T-cell count among HIV-infected individuals, and ART coverage data. Reports from the township's primary ART clinic provided data on loss to follow-up. Studies of HIV prevalence were used to calculate HIV incidence and the transmission parameter (Supplementary Materials). A recent study in this community yielded an estimate of 53% for the key parameter of linkage to care [16] .
For biological parameters, including survival following HIV infection, relative transmissibility of HIV during acute HIV infection, and relative transmissibility of HIV during ART, we used estimates from the literature. Model parameters and their sources are shown in Table 1 . We used the same set of parameters, when applicable, for all 3 models.
Analytic Approach
We first compared the 2 models of linkage to care (model 1 and model 2), simulating HIV incidence and prevalence under an ART-as-prevention program with once yearly HIV testing of the entire population with undiagnosed infection. We varied the linkage proportion within each model, using the value from the Granich model (92%) [5] and a recent estimate from Masiphumelele (53%) [16] .
Next, we used model 3 to assess the impact of immigration and emigration on the incidence, prevalence, and proportion of the total population receiving ART, comparing findings with those of model 1, which differed by linkage structure and absence of migration, and with those of model 2, which differed only by absence of migration.
Primary model outcomes, examined at 10-, 20-, and 30-year horizons, were incidence of HIV infection, prevalence of HIV infection, and proportion of the population covered by ART. We emphasize the time to achieving an HIV incidence of <0.1% per annum because this has been described as "elimination of HIV infection" in previous models [5, 17] . Figure 1 . In model 1, individuals who do not link in 1 year have an unchanged probability of linking in subsequent years (linkage is conditionally independent, as in Granich et al [5] ). Model 2 incorporates a revised formulation of linkage to care, in which individuals who do not link initially join an unlinked compartment and link in late-stage disease. In model 3, we built upon the revised linkage structure and added migration (immigration and emigration). Mortality unrelated to human immunodeficiency virus (HIV) infection may occur from any compartment (background mortality; not shown). A, acute infection; D, dead; I, infected, not receiving antiretroviral therapy; S, susceptible; T, receiving antiretroviral therapy; U, unlinked to care (individuals who decline treatment or are lost to follow-up). Subscripts to the I, U, and T compartments denote stages of HIV infection progression.
Parameter Uncertainty and Sensitivity Analysis
We used Latin hypercube sampling for uncertainty and sensitivity analysis [18] , using model 3. We varied model parameters over 95% binomial confidence intervals (for parameters derived from primary data) or literature estimates (using triangular distributions) when primary data were not available. Parameter ranges are shown in Table 1 . We drew 1000 times from these parameter distributions, taking the median and 95% prediction intervals. We compared model projections of prevalence, incidence, and ART coverage at 30 years.
We compared the relationship between model parameters and outputs by calculating partial rank correlation coefficients (PRCCs). The PRCC is a nonparametric test that quantifies the relationship between 2 variables, in this case, the model parameter value and the outcome of interest (incidence or prevalence of HIV infection) [19] . We plotted PRCCs as a function of time in the model, following the methods of Blower et al [20] .
In 2-way sensitivity analysis, we assessed the HIV incidence in the population at 30 years with varying immigration rates and linkage rates, using model 3.
RESULTS
Linkage
Model results were first compared to assess the impact of linkage rates and model structure without factoring in migration. With model 1, HIV incidence in 30 years was reduced from 2.5% to 0.03%, with 92% linkage to care, and to 0.05%, with 53% linkage to care (Table 2 and Figure 2A ). At 92% linkage, incidence fell to <0.1% at 15.2 years, and at 53% linkage, it crossed this threshold at 21.8 years. At 30 years, prevalence was 2.0% and 2.6% at 92% and 53% linkage, respectively ( Figure 2B) .
In model 2, HIV elimination did not occur at either linkage rate. Incidence was reduced to 0.15% and 0.33% with 92% and 53% linkage, respectively (Table 2 and Figure 2A ). At 30 years, prevalence was 3.9% and 6.3% at 92% and 53% linkage, respectively ( Figure 2B ).
At each level of linkage and each time horizon, incidence was higher in model 2 than in model 1. The 30-year incidence and prevalence projected in model 1 with a linkage of 53% (0.05% and 2.6%, respectively) was lower than the projections from model 2 with a linkage of 92% (0.15% and 3.9%, respectively).
Migration
Model 3 was used to assess the impact of immigration into and emigration from the community. In this model, HIV incidence did not fall to <0.1% at 30 years at either linkage rate (Table 2) . Prevalence was initially lower in the model with migration ( Figure 3B ) because of the lower prevalence of HIV infection among immigrants (and the higher prevalence among emigrants). At 53% linkage, the prevalence in the migration model rose above the prevalence in the model without migration by 5.3 years, and it remained higher. At 30 years, prevalence in the migration model was nearly 15%. While prevalence and incidence were declining in the model without migration, in the migration model they reached equilibrium (14.6% and 0.85%, respectively; Figure 3A and 3B). The proportion of the total population receiving ART was initially lower in the model accounting for migration because of the lower prevalence of HIV infection among migrants, emigration of individuals receiving ART, and immigration of individuals not receiving ART ( Figure 3C ). By 12.7 years, the proportion of the population receiving ART in the migration model was higher because the higher HIV prevalence outweighed the effects of emigration by individuals receiving ART or the dilution effect of immigration by individuals not receiving ART.
Parameter Sensitivity Analyses
In sensitivity analysis of parameters using model 3, the results were most sensitive to HIV prevalence among migrants, an effect that increased over time (PRCC at 30 years, 0.8; Figure 4 ). The results were also modestly sensitive to the proportion of immigrants coming into the community of ART recipients. Early in the simulations, the results were sensitive to the relative baseline prevalence of HIV infection (PRCC, 0.6) and community ART coverage (PRCC, −0.2), but the effects were reduced over time (PRCC, 0.2 and 0.0, respectively).
In 2-way sensitivity analysis assessing the impact of immigration rate and linkage rate ( Figure 5 ), a high linkage rate and low immigration rate were needed to approach elimination of transmission, although incidence did not decrease to <0.1% by 30 years at any combination of linkage and migration due to default from ART.
If the prevalence of HIV infection among immigrants declined by 5% per year, the impact of migration on HIV incidence and prevalence would be negligible (absolute difference, 0.01% and 0.85%, respectively); for any lesser decline, a substantial effect was observed (Supplementary Figure A1) .
DISCUSSION
We examined whether the projected benefits of annual testing and provision of ART for prevention of HIV transmission would be robust to real-world demographic and programmatic challenges. We made simple adjustments to a high-profile mathematical model of ART as prevention [5] and found that incorporating alternative assumptions about linkage to care and population mobility substantially attenuated the anticipated reduction in HIV incidence and prevalence. By using parameters from a well-studied community in South Africa, we projected that an ART-as-prevention program in this setting would be unlikely to achieve anticipated goals of "elimination" of HIV transmission in a 30-year horizon, even under optimistic assumptions about HIV testing and acceptance of treatment.
While assumptions about key model parameters were the focus of much discussion about the model used by Granich et al, we found that certain structural assumptions pertaining to linkage to care and population migration may be equally or more important. Under the Granich model, individuals who declined testing or treatment or were otherwise lost to followup were equally likely to engage in care in subsequent years. Therefore, even if the acceptance (linkage) rate was only 53%, by 3 years, 90% of individuals would be in care. At the 92% linkage used in the Granich study, 99.9% of individuals would be in care within 3 years. Our findings suggest that this assumption is important: if individuals who declined testing or treatment did not engage in care until late-stage disease, the anticipated gains of ART as prevention were substantially attenuated.
There is scant literature on when individuals who decline testing or treatment re-engage with care. Clinical experience as providers suggests that model 1, in which the probability of re-engaging with care after declining testing or treatment is conditionally independent with respect to prior response, is less close to reality than model 2, in which individuals re-present for care in late-stage disease. The importance of this function highlights the need to better characterize the healthseeking behavior of individuals who decline HIV testing or treatment or are lost to follow-up after initial testing. Sub-Saharan Africa has been undergoing rapid urbanization [21] . Migration to South African urban and peri-urban townships has been driven by both domestic migration and immigration from neighboring countries, given the relatively greater Figure 3 . Human immunodeficiency virus (HIV) incidence (A), prevalence (B), and proportion of the population receiving antiretroviral therapy (ART; C) (vertical axes) in models with (gray lines) and without (black lines) migration, using a linkage proportion of 53%. Dotted lines indicate 95% confidence intervals. The horizontal axis in all graphs is time in years following initiation of ART-as-prevention programs. HIV incidence and prevalence initially decline substantially in both models, but they [5] ) is depicted by solid lines, and an estimate from the study community (53%) is depicted by dashed lines. The horizontal dotted line in panel A indicates incidence of 0.1% ("elimination"). HIV incidence and prevalence decline substantially under both models, but incidence did not decrease to <0.1% at either linkage proportion in model 2.
economic opportunity and political stability offered by the country. In particular, unrest in neighboring Zimbabwe has led to massive emigration from the country, with most immigrating to South African townships. The community described in this study has seen high levels of migration; however, other community studies in South Africa have reported even higher rates [22] . Model projections were highly sensitive to the immigration rates, even though the prevalence of HIV infection among migrants was lower than the baseline prevalence of HIV infection in the community.
Several clinical trials to test the impact of ART as prevention at a community level are being planned or are underway [11] . In settings with substantial migration or in which individuals who decline testing or treatment are unlikely to agree in subsequent years, the anticipated reduction in HIV prevalence and incidence may be considerably lower. Studies must be adequately powered to detect smaller or slower declines in HIV incidence or prevalence. However, the effects of linkage to care and migration on HIV incidence and prevalence, while dramatic in the long term, may not appear within the 5-year horizon of a clinical trial (Figure 3) . This highlights the difficulty of extrapolating findings from short-term clinical trials to longer-term HIV-associated dynamics within a population.
The refined linkage structure (models 2 and 3) modified the base model at 2 points: pre-ART loss to follow-up (ie, failed linkage to care) and post-ART loss to follow-up (ie, default from treatment). We separately assessed a model in which individuals who defaulted from treatment returned to the initial infectious compartments (eg, I 1 and I 2 ) and could return to care earlier. The results remained pessimistic, though slightly Figure 3 Continued. plateau at a higher incidences and prevalences in the model with migration. The proportion of individuals in the community who are receiving ART is initially lower in model 3, which accounts for migration, due to the lower prevalence of HIV infection among migrants and to the emigration of individuals receiving ART; after 12.7 years, the proportion of individuals receiving ART in the model accounting for migration is higher. Figure A2) . There are few data to inform the rate of returning to care upon treatment default.
As with all mathematical models, these results must be interpreted within the context of model assumptions and the quality of available data. While the qualitative results were robust in broad parameter sensitivity analyses, we caution against overly interpreting the quantitative projections in light of parameter uncertainty and the structural limitations of these parsimonious models. Consistent with the Granich model, we assumed a single sexual risk group with regard to HIV transmission and did not model concurrency or complex mixing. A recent model relaxing these assumptions found that the impact of ART as prevention was qualitatively similar, though attenuated, when assortative sexual mixing was considered [17] . We assumed that perinatal HIV transmission accounts for a minority of new infections and did not incorporate it in these models. We did not allow HIV-infected individuals to receive a diagnosis during the brief period of acute infection, as antibody tests are usually negative at that time and HIV RNA levels are not commonly used to diagnose new infections in South Africa. We used a treatment default rate of 7% per year that was based on data in this community, which is higher than that used in the original Granich model (1.5%); even higher rates have been observed in some programs [23] . We did not incorporate heterogeneity in viral load response and its relationship to transmission. We assumed that all individuals were offered testing yearly for HIV infection, which we acknowledge is optimistic; lower HIV testing coverage would render our results conservative with respect to the attenuated benefits.
We assumed that 53% of individuals with HIV infection were linked to care, which was based on results from a recent community-based study. This linkage proportion is far lower than that used by Granich et al in their analysis [5] . However, 53% is comparable to-and higher than-the reported proportion of ART-eligible individuals successfully linked to care following testing in other studies in South Africa [12, 13] .
For our base-case estimates, we assumed that HIV prevalence was not declining in the larger population from which individuals were emigrating, though we relaxed this assumption in sensitivity analysis, finding that high rates of decline (eg, 5% per annum) in HIV prevalence among immigrants offsets their impact. Given the absence of effective, large-scale prevention interventions, we believe this assumption is reasonable, at least for shorter horizons.
Finally, this analysis did not attempt to identify and explicate all of the potential deficiencies of the published models of ART as prevention, but rather focused on 2 key structural aspects of these models that have received less published scrutiny. Our aim was to inform future modeling analyses for ART as prevention, as well as relevant data that programs implementing this strategy should collect to inform their results.
While the results with revised linkage and incorporation of migration were substantially more pessimistic, the reduction in incidence was nevertheless considerable.
Early initiation of ART can markedly reduce the risk of transmission of HIV among serodiscordant partners [24] ; this finding, together with the improved toxicity profiles of newer antiretroviral agents, has generated enthusiasm for expanded testing and early initiation of ART to curb the HIV epidemic in high-transmission settings. Community-based trials are now underway to assess whether the findings of reduced transmission among monogamous partners in a clinical trial setting will translate into an effective HIV control measure at a population level [25] . However, the anticipated benefits of such strategies may be overestimated if realistic demographic and behavior components are not considered. Our findings highlight the important role of migrant populations and of individuals who decline care or are lost to follow-up in sustaining HIV epidemics where ART-as-prevention strategies are pursued.
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